The n.r.m. of samples of dolerite from the Great Whin Sill, and of basalts from Iceland and Argentina, have been examined during cooling and warming between the ambient and liquid nitrogen temperatures.
Introduction
Two of the most important groups of magnetic materials in rock magnetism are the solid solution series resulting from substitution of titanium for iron in haematite and magnetite. Both haematite and magnetite possess magnetic discontinuities below room temperature. The haematite transition occurs at about -20 "C (Honda & Sone 1914 , Morin 1950 and is due to the re-orientation of the direction of the'antiferromagnetic spin axis from within the basal plane (above the transition temperature) to along the ternary axis (below the transition temperature). The extent of the magnetic transition is influenced by many factors e.g. grain size, degree of crystallization, purity, etc. These, together with the memory phenomenon, i.e. the recovery of the original direction of remanent magnetization after cooling and warming through the transition, have been discussed by several workers, e.g. Morin (1950) , Haigh (1958) , Kaye (1960) , Creer (1962) , Lin (1962) and Tasaki, Siratori & Iida (1962) .
Above about -150 "C, magnetite is cubic: below, it becomes orthorhombic. Physical (including magnetic) properties also display transitions (Calhoun 1953 , Li 1953 ) at nearly, but not exactly the same temperature. These transitions may possibly be related to the crystallographic change.
Because many magnetic properties change on heating, identification by thermal demagnetization and Curie point measurement of the minerals carrying the n.r.m. is often unsatisfactory. The possibility of identifying magnetic minerals by analysis of low temperature transitions in the remanent magnetization is therefore of particular importance in rock magnetic studies. Figs. 1 and 2 respectively show typical temperature us remanence curves for natural crystals of haematite (grain size 3-3Op) and magnetite (grain size less than U p ) . The Morin transition in haematite is known to be suppressed by impurities, structural defects and grinding to small grain size. It has not been observed in the n.r.m. of red sediments, even when this is known to be carried by Fe,O, (Haigh 1957) . Nagata, Kobayashi & Fuller (1964) have however observed the Morin transition in an isothermal remanent magnetization acquired by a metamorphosed red bed. Fig. 3 shows the variation of n.r.m. of a sample of C a d itaborite from Brazil. This type of rock is very rich in iron oxides and is used as a commercial iron ore. Both haematite and magnetite transitions are clearly shown, proving that both of these minerals contribute to the n.r.m. The Morin transition is the stronger and this fact, combined with the knowledge that haematite has a lower spontaneous magnetization than magnetite, proves that the n.r.m. is mainly carried by haematite. The n.r.m. of twenty-three samples of igneous rocks have been studied below room temperature. They comprise eight specimens of Quaternary and Tertiary basalts from Argentina (denoted by 'T'), nine Quaternary and Tertiary basalts from Iceland, and six dolerite specimens from the Great Whin Sill, North England (denoted by 'WS'). The palaeomagnetic data from these rocks have respectively been described by Creer (1958), Hospers (1953) and Creer, Irving & Nairn (1959) . The magnetic minerals in these samples have been identified by thermomagnetic and X-ray techniques (Like 1964). ---. 
Procedure
The variation of the natural remanence was observed during cooling and warming between liquid nitrogen temperature and room temperature. Samples were situated alongside, and to the east of the lower magnet of an astatic magnetometer, and the temperature was controlled by a double Dewar system. At room temperature the n.r.m. of the specimen was aligned at right angles to the lower magnet to produce the maximum deflection of the magnetometer, and kept in this position throughout all the cooling and reheating measurements. The magnetometer zero was checked by moving the sample and the Dewar away from the magnetometer between readings. This also ensured that the samples were cooled and warmed out of the influence of the magnetic field of the magnetometer.
The samples were first cooled and then warmed with their remanence directed antiparallel to the Earth's horizontal field H (0.18 oersted) (Fig. 4 , curves i). They were then cooled and warmed again with their remanence parallel to H (Fig. 4 , curves ii). The remanence produced by the Earth's horizontal field during the cooling cycle was thus determined as well as changes in the original remanence. The magnetometer was unaffected by the vertical component of magnetization of the sample. The semi-sum of the curves obtained 'from the samples (continuous curves in Fig. 5 ) give the thermal variation of the natural remanence which would have been obtained by cooling and heating in zero field. The semi-difference (broken curves in Fig. 5 ) gives the remanence produced by the Earth's horizontal field. Interpretation is difficult for irreversible cooling-warming cycles, and only the variation on warming has been considered in constructing Fig. 5 . This is justified because the initial cooling cycle of magnetite is irreversible whereas successive cycles tend to be almost reversible. A more detailed description of the apparatus and the procedure of measurement adapted are described elsewhere (Like 1964) .
The magnetic minerals all belong to the spinel phase of the iron titanium oxides. The position, x, in this series ( . J
. 1
Temperature ('C betow zero) the lattice parameters and the specimens are arranged in Figs. 5a, b and c in order of increasing x. This order could be upset because the titanomagnetites may be oxidized to varying degrees. Determinations of lattice parameter and Curie point alone are not sufficient to determine x if the degree of oxidation of the cubic phase varies.
Results

Reversible cooling-warming cycles
Samples T30 and T31 displayed reversible cooling-warming cycles which were greatly affected by external magnetic fields. In specimen T31 this was sufficiently great to cause a reversal of'the remanence as the latter was cooled antiparallel to the Earth's horizontal field. 
Increase in remanence on cooling
The remanence of Specimens 126 and T4 always increased on cooling and there was no evidence of a magnetic transition above liquid nitrogen temperature. The initial cooling cycle of specimen 126 was slightly irreversible but subsequent cycles were reversible and field dependent, All the curves exhibited by T4 were reversible and field dependent. influenced by external magnetic fields. They possess a discontinuity at about -150°C. This was particularly well defined in the Whin Sill samples WS84, WS57, WS56 and WS55 which contain almost pure magnetite. The magnetization regained at room temperature was 0.649 times the virgin n.r.m. ; a considerable memory effect. Samples T15, 324, WS7, T32 and T12 exhibited an increase in remanence on cooling in the Earth's field, the latter aligned parallel to the n.r.m. The low temperature curves of all these specimens were strongly influenced by the strength and direction of the external magnetic field. When samples WS7, WS55, WS56 and WS57 were cooled with their n.r.m. and the Earth's horizontal field antiparallel, the direction of remanence reversed on cooling as shown in Fig. 4. 4. Interpretation 4.1. The thermomagnetic data (Like 1964) gave strong evidence of the presence of a range of minerals with Curie points or blocking temperatures below room temperature. Thus the large remanence induced in these specimens by the Earth's horizontal field on cooling is very probably a thermoremanence.
Irreversible cooling-warming cycles
After subtracting this thermoremanence, the n.r.m. of these samples is observed (see Fig. 5 ) to pass through a maximum rather like the P-type ferrimagnetics (Nee1 1948). Comparison of the Curie points and cell sizes measured for these samples with data for synthetic titanomagnetites (Akimoto, Katsura & Yoshida 1957) suggests that these minerals have a chemical composition (1 -x) Fe30,xFe,Ti04, with x = 0.7. P-type thermomagnetic curves have been reported in synthetic samples around x = 0.6 (Akimoto, reported in Blackett 1962 ).
An alternative interpretation follows. The thermomagnetic data (Like 1964) indicate an immediate decrease in magnetization on heating from room temperature to the Curie point (about +lo0 to +200"C), and this decrease in spontaneous magnetization on approaching the Curie point could start below room temperature. The decrease in remanence on the low temperature side of the maximum could be due to a transition of the magnetite type.
However it has been reported (Nagata 1966 ) that the transition in titanomagnetites is depressed by an increase in the titanium content. The presence of 10 mo1.z of Fe,TiO, is said to be sufficient to lower the transition temperature below liquid nitrogen temperature. Hence one would not expect to observe this transition in compositions with such high x as are found in samples T30 and T31. Possible oxidation of these titanomagnetites is unlikely to account for this discrepancy because one would expect that this would tend to inhibit this transition. Neither are data from other samples (see Fig 5) ). This change is almost reversible but the recovery is not quite complete. The reversal may be suppressed by the application of a magnetic field of about 0.5 oersteds parallel to the original magnetization, during cooling. It is also critically dependent upon the shape and size of the crystal.
Magnetite undergoes a transition of the second kind at about -150°C (Bickford 1950). At this temperature the crystalline anisotropy energy changes sign and since the coercivity is mainly governed by this energy a thermoremanence can be acquired on warming or cooling through the transition temperature in a magnetic field. Because of the similarity in mode of origin of this type of remanence and that of thermo-remanent magnetization and because of its association with the magnetic transition, this kind of remanence will be referred to as the transitiort thermorenzanent magnetization (t.t.r.m.). Nagata, Ozima & Yama-ai (1963) have also observed t.t.r.m. but refer to it as 'inverse thermoremanent magnetization' because in their experiment it was acquired on warming. However this name is somewhat confusing as some palaeomagnetic writers in the past have used 'inverse' synonymously with 'reverse' to denote magnetization acquired in the direction opposite to that of the external field (Nee1 1948, Bruckshaw 1954) . Also t.t.r.m. can be acquired either on warming or cooling.
If the reversal of the remanence of samples WS55, WS56, WS57 and WS7 during cooling in an opposing field were due entirely to the self reversing properties of magnetite it should also occur on repeating this experiment in zero field. This was found not to be the case as the results illustrated in Fig. 6 curves (i) and (ii) show. The samples were reheated respectively with the Earth's field parallel to and opposed to the direction of remanence after having been cooled in zero field. Although at liquid nitrogen temperatures the n.r.m. was almost completely destroyed, it was not reversed.
Curve (iii) and (iv) Fig. 6 , are the reheating curves with the applied field parallel and opposed to the remanence after cooling in the same field. Comparison of these curves with curves (i) and (ii) Fig. 6 shows that the magnetization acquired during cooling is almost entirely due to the external magnetic field. Thus the A low temperature investigation of the natural remanent magnetization of several igneous rocks 31 1 possibility of a magnetostatic self-reversal of the ilmenite phase of which the lattice dimension suggests a Curie point below room temperature, also appears unlikely. It was considered a possible cause since the ilmenite exists as parallel intergrowths within the magnetite. This is a favourable geometry for magnetostatic self reversal.
The presence of a ferrimagnetic ilmenite above liquid nitrogen temperature is unlikely to provide a complete explanation because curves (i) and (iii) ' Fig. 6 , obtained on warming, should be identical. The sample, having been cooled in each case to liquid nitrogen temperature in zero magnetic field, was initially in the same state for both curves. Hence all partial thermoremanence due to ferrimagnetic ilmenite with a Curie point between 0 "C and -195 "C would have been destroyed. There would also be no t.t.r.m. on cooling through the transition temperature. Comparison of curves (i) and (iii) and curves (ii) and (iv) shows that the shape of the reheating curves (i.e. above about -150°C) is determined by the external magnetic field. The influence of a ferrimagnetic ilmenite would only be felt below the Curie point, yet after being subjected to the cooling-warming cycles (Fig. 5 ) the samples invariably show a different value of remanence at room temperature. Thus, at least part of the sudden change of magnetization must be due to something else.
The most satisfactory explanation of the data appears to be the third, that the rock acquires a t.t.r.m. It is however difficult to establish that the ilmenite plays no part whatever in the low temperature remanence curves especially if its Curie point was near the magnetite transition temperature.
4.3. It was noted (Like 1964) that samples 192, 195, T30 and T31 possessed similar thermomagnetic properties above room temperature, viz. low Curie points (below 250°C for T30, T31 and below 300°C for 192 and 195) distributed over a range of temperatures indicating a range of mineral compositions. The latter was the case especially for specimens T30, T31 and 195. There was no evidence of a Curie point above 300°C in any of these specimens before heat treatment.
4.4. According to the X-ray and thermomagnetic measurements T4 contains almost pure magnetite. The lattice dimensions of sample 126 are larger than those of magnetite suggesting a composition xFe,TiO,(l -x) Fe,O, with x = 0.19 assuming that the titaniferous magnetite is a true member of the magnetiteulvospinel series and not an oxidized titanomagnetite. No suitable explanation has yet been found for these low temperature characteristics which resemble the R-type ferrimagnetic (Nee1 1948). Perhaps the minerals in these specimens are slightly oxidized titanomagnetites and that this may account for their R-type characteristics. Many natural titanomagnetites are oxidized, i.e. they have compositions in the FeTi03, Fe2Ti04, Fe304, Fe203 quadrilateral (Akimoto er al. 1957).
Conclusions
5.1. The remanence of T30 and T31 of composition x = 0.77 and 0.64 is reversible with temperature below room temperature. Application of magnetic fields during heating or cooling strongly influences the remanence, and this is mainly due to the presence of a range of minerals with blocking temperatures extending below 0°C. After compensating for such t.r.m. acquired below room temperature, the low temperature remanence curves resemble those of P-type ferrimagnetics.
6.
Downloaded from https://academic.oup.com/gji/article-abstract/12/3/301/763268 by guest on 07 December 2018 5.2. Samples 192 and 195 which are much poorer in titanium than T30 and T31 (x = 0.34 and 018 respectively), have low temperature remanence curves which strongly resemble those of T30 and T31. The thermomagnetic properties at high temperatures of these four samples exhibit a marked similarity although the values of the Curie point differ somewhat.
5.3.
The other samples (0-43 > x > 0.04) except T4 and 126 exhibit magnetitetype low temperature characteristics, viz. 'an irreversible cooling-warming cycle strongly influenced by the external field, and a memory. The sharpness of the transition and the extent of the memory appears to improve as x decreases.
5.4. A thermoremanence (t.t.r.m.) acquired on cooling and warming through the magnetite transition temperature is sufficient in some samples to cause a reversal of the remanence when they are cooled with their n.r.m. opposed to the Earth's field.
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